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Abstract
During normal healthy ageing there is a decline in the ability to control simple movements, characterised by increased reac-
tion times, movement durations and variability. There is also growing evidence of age-related proprioceptive loss which may 
contribute to these impairments. However, this relationship has not been studied in detail for the upper limb. We recruited 
20 younger adults (YAs) and 31 older adults (OAs) who each performed 2 tasks on a 2D robotic manipulandum. The first 
assessed dynamic proprioceptive acuity using active, multi-joint movements constrained by the robot to a pre-defined path. 
Participants made perceptual judgements of the lateral position of the unseen arm. The second task required fast, accurate 
and discrete movements to the same targets in the absence of visual feedback of the hand, and without robotic intervention. 
We predicted that the variable proprioceptive error (uncertainty range) assessed in Task 1 would be increased in physically 
inactive OAs and would predict increased movement variability in Task 2. Instead we found that physically inactive OAs 
had larger systematic proprioceptive errors (bias) than YAs (t[33] = 2.8, p = 0.009), and neither proprioceptive uncertainty 
nor bias was related to motor performance in either age group (all regression model R2 ≤ 0.06). We suggest that previously 
reported estimates of proprioceptive decline with ageing may be exaggerated by task demands and that the extent of these 
deficits is unrelated to control of discrete, rapid movement. The relationship between dynamic proprioceptive acuity and 
movement control in other tasks with greater emphasis on online feedback is still unclear and warrants further investigation.
Keywords Proprioception · Ageing · Reaching · Sensorimotor control
Introduction
As we get older there is a general decline in motor system 
physiology which affects the ability to perform simple move-
ments. This includes degradation of musculature through 
loss and remodelling of muscle motor units (Lexell 1995; 
Morley et al. 2001; Slack et al. 1979), as well as degen-
eration of efferent peripheral nerves and the neuromuscular 
junction (Ceballos et al. 1999; Jacobs and Love 1985; Valdez 
et al. 2010) which disrupts transmission of motor commands 
and impairs the ability to perform movements as intended. 
This is characterised in advanced age by increased move-
ment duration (Contreras-Vidal et al. 1998; Helsen et al. 
2016; Ketcham et al. 2002), as well as increased spatial 
(Darling et al. 1989; Seidler et al. 2002) and temporal (Con-
treras-Vidal et al. 1998; Yan et al. 2000) variations during a 
range of different movement tasks. Interestingly, this is often 
coupled with a maintenance of endpoint accuracy (Helsen 
et al. 2016; Lee et al. 2007; Seidler-Dobrin and Stelmach 
1998) which is thought to be achieved through increased 
movement duration, reaction time and by online corrective 
mechanisms which are frequently observed in this popula-
tion (Helsen et al. 2016; Ketcham et al. 2002).
In addition to changes in motor physiology, loss of proprio-
ception has also been suggested as a contributing factor to the 
presentation of these age-related motor deficits. In this paper, 
we define proprioception as the sense of both static limb posi-
tion and motion, and by this, we use the term to include kin-
aesthesia of self-generated movements (for reviews see Han 
et al. 2016; Proske and Gandevia 2012). We will discuss later 
the potential contribution of efferent signals related to plan-
ning and sense of effect, and include them in our definition 
of proprioception, in line with Proske and Gandevia (2012). 
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Specifically, then, there is growing evidence to show age-
related decline of proprioception through a range of different 
measurement techniques (see Goble et al. 2009 for review), 
including limb position matching to both passively (Adamo 
et al. 2007, 2009; Helsen et al. 2016; Herter et al. 2014; Lei 
and Wang 2018) and actively (Schaap et al. 2015) derived 
reference positions. Age-dependent deficits have also been 
reported in thresholds for detecting passive joint displacement 
(Helsen et al. 2016; Wright et al. 2011) and in two-alterna-
tive forced-choice paradigms involving position estimates of 
active, multi-joint movements (Cressman et al. 2010). This 
age-related loss of acuity appears to be amplified by physical 
inactivity (Adamo et al. 2009; Helsen et al. 2016; Wright et al. 
2011) and in the lower limb, these deficits have been associ-
ated with impairments in functional motor measures including 
balance, posture, mobility and incidence of falls (Hurley et al. 
1998; Lord et al. 1991; Sorock and Labiner 1992; Wingert 
et al. 2014). In spite of these reports, the extent to which pro-
prioceptive loss contributes to age-related movement deficits 
of the upper limb is still poorly understood.
Recently, Helsen et al. (2016) attempted to address this 
by associating measures from two passive proprioceptive 
assessment techniques with participants’ performance in 
rapid, target-based wrist movements. Similar to previous 
reports, they found physically inactive older adults had pro-
longed detection thresholds for passive wrist displacement 
and increased matching errors to passively defined refer-
ence positions, indicating loss of proprioceptive acuity. But 
despite reporting stereotypical age-related motor kinematic 
impairments, the authors did not find an association between 
proprioception and motor performance. From this, they con-
cluded that proprioceptive impairments can be overcome 
in ageing by greater reliance on predictive, feed-forward 
mechanisms of motor control.
However, since limb position sense can be direction-
ally modulated by corollary discharge of motor commands 
(Smith et al. 2009), limb position sensations experienced 
during active, voluntary movement are likely different to 
those of passive displacements. Indeed, movement to partici-
pant-defined reference positions (i.e., themselves reached by 
active movement) has been shown to reduce position match-
ing errors compared to traditional, passive methods in both 
younger (Erickson and Karduna 2012; Lönn et al. 2000) 
and older (Langan 2014) adults. This demonstrates how 
sense of effort arising from the motor planning and motor 
commands underlying active movement affects performance 
on these tasks. Hence, the null relationship of upper limb 
proprioception and motor control reported by Helsen et al. 
(2016) may actually reflect the difference in proprioceptive 
sensation between passive and active movement. Further-
more, impairments in working memory and attention have 
been shown to confound position matching errors in ageing 
(Boisgontier et al. 2012; Goble et al. 2012), which further 
advocates the use of alternative proprioceptive acuity assess-
ments for investigating an association with voluntary move-
ment control in this population.
Yet reports directly comparing age groups on active move-
ment-based proprioceptive tasks which limit dependence on 
working memory are scarce. Cressman et al. (2010) meas-
ured shifts in sensed limb position associated with adapta-
tion of reaches to a visual rotation in a group of older and 
younger adults. Sensed limb position was assessed by asking 
participants to make active, multi-joint reaching movements 
constrained to a tight, pre-defined trajectory, before making 
instantaneous judgements of their unseen limb relative to a 
visually presented reference position. These two-alternative 
forced-choice responses were then gathered and used to esti-
mate both systematic (bias) and variable (uncertainty range) 
proprioceptive errors; only the latter showed age-related 
increase, with marginal statistical significance. Variants of 
this task have been reported elsewhere (Cressman and Henr-
iques 2009; Ostry et al. 2010), but this was the first report of 
its use with an ageing population. Critically, since this type 
of task reduces dependence on working memory and utilizes 
active movements, it may be more suited for the investigation 
of age-related proprioceptive loss and voluntary movement 
control. Moreover, if it is indeed the case that proprioceptive 
uncertainty increases with ageing, then this elevated sensory 
noise could make the sensory consequences of motor com-
mands unpredictable (Miall and Wolpert 1996) and thus lead 
to more variable movement characteristics, which are fre-
quently reported for the older adult population (Darling et al. 
1989; Ketcham et al. 2002; Seidler et al. 2002). As such, the 
proprioceptive uncertainty estimate derived from this type of 
task makes for a compelling predictor of motor performance 
in the ageing population, which could contribute to improving 
approaches to ameliorate age-dependent impairments in future.
The aim of this experiment was, therefore, to assess, 
in groups of older and younger adults, the extent to which 
dynamic, multi-joint proprioceptive acuity of the upper 
limb could predict performance on a fast, targeted reaching 
movement task. We predicted that physically inactive older 
adults would exhibit larger proprioceptive uncertainty ranges 
and that this would predict greater variation in motor per-
formance. Conversely, since a systematic perceptual error 
(assessed as proprioceptive bias), may be easier to predict and 
account for during motor control, we predicted bias would be 
unrelated to motor performance for either age group.
Methods
Participants
Thirty-one older adults (OAs) aged 65 years or older (11 
male, 71.2 ± 4.5 years), and 20 younger adults (YAs) aged 
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18–25 years (11 male, 20.4 ± 2.0 years) participated in the 
experiment after giving informed consent; the University 
of Birmingham ethics panel approved the study. All partici-
pants were right-hand dominant as defined by a laterality 
quotient of 30 or higher on the 10-item Edinburgh Handed-
ness Inventory (Oldfield 1971). Participants were excluded 
if they had any history of neurological illness, or carpal 
tunnel syndrome, arthritis or similar movement pains or 
limitations in the arm, wrist or fingers. OAs also completed 
the Montreal Cognitive Assessment (MoCA) and were only 
included in the analysis if they scored 26 or above out of 30, 
which is considered to indicate normal cognitive functioning 
(Nasreddine et al. 2005).
Experimental set‑up
Participants sat in front of a 2D-planar robotic manipu-
landum (vBOT; Howard et  al. 2009) which provided a 
low-inertia, low-friction means of recording simple reaching 
movements in a 40 × 64 cm workspace (Fig. 1a). With their 
foreheads resting against a padded metal frame approxi-
mately 10 cm behind the edge of the workspace, partici-
pants grasped the manipulandum handle with their right 
hand and were asked to look down onto a mirrored surface. 
This blocked direct view of the hand and arm and reflected 
images from a large, horizontally mounted monitor display. 
Target locations and visual feedback of hand position were 
presented in this way, with the cursor (when displayed) 
spatially coincident with the centre of the vBOT handle. 
Recordings of the vBOT handle position were sampled at 
1 kHz with any applied forces updated at the same rate. In 
both the dynamic proprioceptive and rapid motor reaching 
tasks, participants made reaching movements from a white 
1 cm radius start position located 8 cm into the workspace 
(approximately 28 cm from the participant’s torso). Partici-
pants made reaching movements to one of three positions, 
Fig. 1  a Example set-up of 
vBOT. LCD display (not 
shown) projects image onto 
mirrored surface to give visual 
feedback of hand location on 
robot handle. Mirror occludes 
any direct vision of the reaching 
arm. b Workspace locations 
and relative distances of the 3 
targets (T1-T3) used in both the 
dynamic proprioception and 
rapid motor tasks. c Illustration 
of minimum jerk channel for the 
dynamic proprioception task. At 
termination, a circle and square 
are displayed to prompt a verbal 
response (“Circle” would be 
correct in this example). Target 
is visible for first 5 cm before 
it disappears for remainder 
of trial, hand position cursor 
remains occluded for all chan-
nel trials in a given block. d 
Illustration of rapid reaching 
task. Visual feedback of hand 
position was occluded once the 
cursor left the home position 
and remained so for the entire 
trial. Coloured feedback was 
provided at the target location 
on trial termination to indicate 
the endpoint accuracy of the 
movement. Both the experi-
mental tasks in c and d. are 
performed at target T2 (T1 and 
T3 not shown)
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shown by a 1 cm radius grey target, which were located 
20 cm from the start position at 30°, 90° and 150° elevation 
(Fig. 1b). When made available, hand position feedback was 
provided on a real-time basis by a 0.5 cm radius white cursor 
that was always spatially congruent with the vBOT handle. 
In all cases targets were presented in a pseudorandomised 
order.
Experimental design
All participants performed the dynamic proprioceptive task 
first. Hence there was no possibility for the feedback associ-
ated with the rapid motor reaching task to alter or improve 
proprioceptive acuity to the same spatially located targets.
Task 1: dynamic proprioception
Procedure
Participants made reaching movements towards 1 of the 
3 targets with visual feedback of hand position occluded 
throughout, and target position occluded after the initial 
5 cm outward movement (see Fig. 1c). These movements 
were constrained to a pre-defined minimum jerk path using 
stiff virtual walls (see Ostry et al. 2010) that steered the 
hand laterally away from the target (stiffness: 2000 N/m 
with 10 N.m/s damping imposed by vBOT motors; no 
force applied in the forward direction). At the end of the 
movement, the hand was held at the final deviated position 
and a white circle and square appeared at a constant posi-
tion clockwise (CW) or counter-clockwise (CCW) of the 
target, respectively. The participant then verbally indicated 
the symbol (“Square” or “Circle”) which represented the 
side of the target they felt they had been guided to. With 
visual feedback of hand position still occluded, partici-
pants were actively guided back to the start position by 
a spring force (500 N/m, 1 N m/s damping), where they 
remained until a new target appeared and the next trial 
began. The size of the lateral deviation was manipulated 
across trials by 2 randomly interleaved PEST sequences 
(see below).
PEST sequences
The size and direction of the lateral deviation imposed by 
the virtual channels was dictated by two randomly inter-
leaved PEST sequences (Taylor and Creelman 1967) span-
ning across all 3 targets, with one starting each from the 
CCW (Square) and CW (Circle) sides of the target. In 
each block the initial deviation magnitude began at 3 cm 
(± 0.05 cm added noise) with an initial step size of ± 1 cm, 
with 3 repeats (1 per target) at each “level”—the magnitude 
of the deviation. The deviation magnitude would increase 
or decrease depending on the cumulative accuracy of the 3 
verbal responses per level. If participants made 2 or more 
correct responses, they would be deemed successful at that 
level and the deviation magnitude would reduce. However, 
if they scored 1 or fewer correct responses, the deviation 
magnitude would increase. Whenever the sequence reversed, 
the new step size was half of the previous one, i.e., from 1 to 
0.5 cm at the first reversal.
Outcome measures and analysis
The participant’s verbal responses were converted to binary 
values (“Circle” = 1, “Square” = 0) for each target; on the 
few occasions where there were multiple responses at the 
same deviation level to the same target, we then calculated 
the proportional response. A logistic function was then fit-
ted to the data using the Matlab glmfit function to separately 
estimate the bias and uncertainly range of the psychomet-
ric response function. The bias represents the systematic or 
constant error in perception of hand position corresponding 
to the inverse of the 50th percentile of the logistic function. 
Thus, positive bias represents perception of hand position 
shifted towards the “Circle” (CW direction), and negative 
bias represents a perceptual shift towards the “Square” 
(CCW direction). The uncertainty range is defined as the 
interval between the 25th and 75th percentile of the fitted 
logistic function and represents a variable error in percep-
tion of hand position. To diminish the effects of outlying 
responses, data points which had a Pearson residual value 
which was more than 2 standard deviations away from the 
mean of the residuals were excluded from the analysis (this 
equated to roughly 4% of data).
Average movement speed was recorded for the portion 
of movement where the participant first reached 1 cm from 
the start position to 1 cm short of the final, deviated posi-
tion. The mean orthogonal force imposed against the channel 
walls was also recorded in the middle of the final straight, 
5 cm portion of movement (16–19 cm from the start; see 
Fig. 1c). Both speed and lateral force were used as corre-
lates for the bias to ensure that magnitude and direction of 
effort exerted against the channel wall was not influencing 
perceptual errors (Smith et al. 2009).
The dynamic proprioception task began with a short 
familiarisation block of 6 null-field and 9 perceptual channel 
trials. Participants then performed 5 blocks of 6 null-field 
trials followed by 48 channel trials with the opportunity for 
short breaks between blocks. The PEST sequence reset at 
the start of each new block such that the entire task included 
5 PEST “runs” and totalled 80 perceptual judgements per 
target. Null-field trials were performed to the same spa-
tially located targets and coloured feedback (an “explosion” 
graphic) was provided at the target location to indicate either 
a target “hit” or “miss”. These trials were intended to reduce 
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proprioceptive drift during prolonged periods of occluded 
vision and were not analysed.
Task 2: rapid motor reaching
Procedure
Participants began each reaching trial by moving the vis-
ible hand position cursor to the start position. After a ran-
dom wait time of between 2 and 3 s, one of the three targets 
appeared, and this was the participant’s cue to move towards 
the target as quickly and as accurately as possible. As soon 
as the cursor was moved outside of the start position it dis-
appeared so the participant had no visual feedback of hand 
position during the movement. Participants were instructed 
to stop at their final position; the trial was terminated once 
hand velocity fell under 4 cm/s at which point an animated 
“explosion” appeared at the target whose size and colour was 
based on the distance between the terminal hand position 
and the target (Fig. 1d). Once the animation had finished, 
the hand position cursor reappeared, the target disappeared, 
and the participant was actively guided back towards the 
start position for the next trial.
Outcome measures and analysis
Kinematic performance was quantified by calculating reac-
tion time (RT), peak hand velocity (PV), movement time 
(MT) and time to peak velocity (TPV). Movement initiation 
and termination were defined as the points where hand veloc-
ity first exceeded and then fell below 4 cm/s, respectively. 
RT was, therefore, defined as the duration of time between 
the target appearing (i.e., movement initiation cue) and 
movement initiation. Trials where RT was less than 0.1sec 
or greater than 1sec were excluded from analysis (roughly 
2% data). TPV was expressed as a percentage of total MT 
(time between movement initiation and termination) to 
examine the speed profile of the movement independently 
of its actual duration. Accuracy was quantified both by the 
absolute error (AE) at endpoint (the Euclidean distance from 
trial termination position to the target location) and by the 
lateral deviation at endpoint (LE). LE was calculated as the 
orthogonal distance from the linear path between start posi-
tion and target, to endpoint and was included to improve the 
validity of the association with the proprioceptive measures, 
which also use an orthogonal deviation measure. Within par-
ticipants variability in motor accuracy was assessed using 
the standard deviation of the accuracy measure across trials 
for each participant, separately for each target.
The rapid motor task was preceded by 9 practise trials 
(3 per target), with main task performance consisting of 3 
blocks of 20 trials such that there were a total of 20 move-
ments to each target.
Physical activity measures
Older adults
After completing the experiment, OAs were given wrist-
worn accelerometers (Philips Actiwatch 2) to wear for 5 days 
(120 h), where “activity counts” were logged in 30 s epochs. 
If an epoch had less than 40 counts it was deemed to be inac-
tive (intermediate activity threshold defined by Philips Acti-
ware software version 6.0.2). The sum of all counts in the 
surviving active epochs over the 5 days provided a physical 
activity (PA) metric for each older participant. The median 
value of the scores between participants was then used as 
a threshold to define “Inactive” and “Active” sub-groups 
of OAs for further analysis (demographic details for these 
groups are detailed in the “Results” section).
Younger adults
We were unable to use accelerometer data to sub-group the 
YA participants. Hence self-reported PA measures were 
recorded for YAs using the IPAQ-Short questionnaire (Craig 
et al. 2003), with participants scoring in the highest “Health 
Enhancing Physical Activity” category being excluded from 
participation, to decrease heterogeneity.
Working memory
To test if working memory capacity influenced our proprio-
ceptive measures, working memory was measured before 
participation in the experiment using the backward digit 
span test, following previous reports of its use in proprio-
ceptive ageing studies (Adamo et al. 2009; Goble et al. 
2012). In this task, participants were required to memorise a 
sequence of random numbers (ranging 1–9; read out to them 
at a rate of approximately 1 number per second), and then 
recite them in reverse order. The task began with two trials 
at a sequence length of 2. If participants could correctly 
recite the sequence on at least 1 out of the 2 attempts at that 
sequence length level, the sequence length would increase 
by one. The task then incremented in this fashion until both 
attempted recitals were incorrect. The highest sequence 
length which the participant could correctly recite at least 1 
out of the 2 attempts was recorded as their verbal working 
memory score.
Statistical and cross‑task analysis
All data are presented as group means ± standard devia-
tion unless otherwise stated, with values greater than 2.5 
standard deviations away from the group mean at each tar-
get removed as outliers (approximately 5% of data). The 
remaining data were analysed in separate 3 × 3 mixed-design 
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ANOVAs, with a between subjects factor of Group (inactive 
OAs, active OAs and YAs) and repeated measure of Target 
(T1–T3). A Greenhouse-Geisser correction was used in all 
cases where the sphericity assumption was violated, and sig-
nificance was assessed at the α < 0.050 level. Statistically 
significant ANOVA effects and interactions were followed 
up with post-hoc t-test pairwise comparisons, and assessed 
for significance using a False Discovery Rate (FDR) analysis 
(Benjamini and Hochberg 1995). The FDR analysis makes 
use of observed p-values to calculate an adjusted critical 
α-threshold, meaning it can be used in a range of differ-
ent test statistics (Curran-Everett 2000) as well as typically 
having higher power and being less conservative than other 
more commonly used methods, such as the Bonferroni cor-
rection (Benjamini and Hochberg 1995). As such, it is gain-
ing more popularity in the field of sensorimotor research 
(Boisgontier et al. 2014; Helsen et al. 2016). All p-values for 
multiple comparisons are, therefore, reported as uncorrected 
(least significant difference) values but assessed at FDR-
adjusted α-thresholds (noted as αFDR). In situations where 
no comparisons are found to be significant, the smallest 
observed p-value (pmin) and its associated critical signifi-
cance threshold (still denoted as αFDR) is reported.
To assess the relationship between motor performance 
and proprioceptive acuity, a series of linear regression mod-
els were calculated. Since proprioceptive judgements were 
made along an axis orthogonal to the start-target vector, we 
assume that if either measure was related to motor control 
this would be most apparent with motor errors along a simi-
lar orthogonal axis. Thus, average lateral error (LE) and 
within-subject variation of LE (LE Var) were chosen as the 
motor performance measures to include in the regression 
models. Specifically, we hypothesize that proprioceptive 
noise could predict motor accuracy variation and so used 
uncertainty range to predict LE Var. We then examined the 
association between systematic proprioceptive and motor 
errors using bias to predict LE. PA level was used as an 
additional predictor in the models which allowed us to col-
lapse data across the inactive and active OA groups. Sep-
arate regression models were calculated for each of the 2 
proprioceptive-motor relationships of interest for both OAs 
and YAs separately, with an FDR-adjusted α-threshold used 
to control for multiple tests.
Results
Physical activity grouping
The 31 OAs were divided into either a physically inactive 
or physically active sub-group according to a threshold 
median value of 1.68 × 106 activity counts from the 5-day 
accelerometer data. This left 16 OAs in the inactive group 
(1.29 ± 0.31 × 106 counts; 7 male, 72.9 ± 5.1 years) and 15 in 
the active group (1.96 ± 0.26 × 106 counts; 4 male, 69.3 ± 2.7 
years). The inactive group were found to be significantly 
older than the active group (t[22.9] = 2.5, p = 0.019); this 
difference is addressed directly as needed for cases where it 
could be deemed to have a confounding effect on pairwise 
comparisons.
Dynamic proprioception task
Proprioceptive measures
A summary of the proprioceptive outcome measures can be 
seen in Fig. 2a (bias), b (uncertainty range). There was a 
significant effect of Group on bias (F[2, 47] = 4.1, p = 0.023, 
휂
2
p
 = 0.15) such that inactive OAs had larger biases than YAs 
(t[33] = 2.8, p = 0.009; αFDR = 0.017). Target also had a sig-
nificant effect on bias (F[1.7, 78.6] = 3.8, p = 0.032, 
휂
2
p
 = 0.08) but these differences did not survive FDR correc-
tion (pmin = 0.019; αFDR = 0.017). The interaction of Target 
× Group was not significant (F[3.3, 78.6] = 0.28, p = 0.861). 
To test whether the Group effect was truly due to physical 
inactivity of OAs and not their increased age (see Physical 
Activity Grouping) we correlated age and bias (averaged 
across all 3 targets) for the entire OA sample. The correla-
tion was non-significant (r = 0.005, p = 0.977) and we con-
clude that the group effect on bias is indeed due to the physi-
cal inactivity of OAs.
Contrary to our predictions, there was no effect of Group 
on uncertainty range (F[2, 45] = 0.31, p = 0.733). There was 
an overall effect of Target (F[2, 90] = 4.8, p = 0.011, 
휂
2
p
 = 0.10), such that uncertainty range was larger at T3 than 
T2 (t[47] = − 2.9, p = 0.006; αFDR = 0.017). There was no 
Group × Target interaction (F[4, 90] = 0.51, p = 0.730).
Kinematic measures
Due to an unforeseen technical error, for 4 OAs in the physi-
cally inactive group we had only partial kinematic data 
which was non-analysable; the perceptual judgement data 
remained valid for all participants. For this reason kinematic 
data here was analysed as n = 12 for inactive OAs; the per-
ceptual data for this sub-group did not differ from the others, 
tested with a mixed-ANOVA between the excluded and 
retained participants (bias p = 0.99, uncertainty range 
p = 0.16). YAs made the fastest movements (20.2 ± 5.9 cm/s) 
followed by active OAs (16.1 ± 4.7 cm/s) and inactive OAs 
who moved slowest (14.6 ± 5.4 cm/s). Group had a signifi-
cant effect on movement velocity (F[2, 43] = 4.6, p = 0.015, 
휂
2
p
 = 0.18) such that inactive OAs moved significantly slower 
than YAs (t[30] = − 2.7, p = 0.012; αFDR = 0.017). Target 
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also had a significant main effect on movement velocity 
(F[1.7, 71.7] = 18.3, p < 0.001, 휂2
p
 = 0.30), where pairwise 
comparisons revealed that movements were faster at T3 than 
both T1 (t[45] =  4.9, p < 0.001; αFDR = 0.034) and T2 (t[45] 
= − 4.5, p < 0.001). The Group × Target interaction was not 
significant (F[3.3, 71.7] = 0.73, p = 0.552).
Movement speed might influence perceptual perfor-
mance in this task since the lateral acceleration through 
channel deviation (Fig. 1c) would be greater for faster 
movements. We, therefore, tested if bias and uncertainty 
range were correlated with average movement velocity for 
each of the 3 different groups. We found that none of the 
correlations were significant for the bias (|r| < 0.34, pmin 
= 0.045; αFDR = 0.017); however the inactive OAs showed 
a significant, positive correlation between average move-
ment velocity and uncertainty range (r = 0.46, p = 0.008; 
αFDR = 0.017; all others |r| < 0.31) indicating faster move-
ments were related to lower perceptual acuity. There were 
no significant relationships observed between bias and 
mean force exerted against the final section of the chan-
nel wall for any of the 3 groups (|r| < 0.294, pmin = 0.096; 
αFDR = 0.017). This shows that systematic perceptual errors 
were independent of direction of effort exerted during the 
verbal reporting stage.
Rapid motor reaching performance
Performance accuracy measures
Results for the LE and LE Var motor accuracy measures are 
shown in Fig. 3a, b respectively. All motor accuracy data 
(LE and AE parameters) are shown in Table 1.
The effect of Group on LE was not significant (F[2, 
48] = 1.6, p = 0.218), but there was a significant effect of 
Target (F[1.4, 68.8] = 51.2, p < 0.001, 휂2
p
 = 0.52). Pairwise 
comparisons showed that LE was significantly different 
between all targets (T1 vs. T2, t[50] = 10.0, p < 0.001; T1 vs. 
T3, t[50] = 5.8, p < 0.001; T2 vs. T3, t[50] = − 2.2, 
p = 0.035; αFDR = 0.050), such that lateral errors were small-
est at T1 and largest at T2. The interaction of Group and 
Target on LE was non-significant (F[2.9, 68.8] = 2.3, 
p = 0.091). There were no significant effects on LE Var for 
Group (F[2, 45] = 2.8, p = 0.072), Target (F[2, 90] = 1.2, 
p = 0.308) or their interaction (F[4, 90] = 1.8, p = 0.180). 
Thus, all groups had similar systematic and variable lateral 
endpoint errors in their movements.
There was also no effect of Group on AE (F[2, 44] = 1.8, 
p = 0.181) but there was a significant effect of Target (F[2, 
88] = 7.6, p = 0.001, 휂2
p
  = 0.15) with endpoint errors being 
significantly larger at T2 (t[46] = − 3.5, p = 0.001; 
αFDR = 0.033) and T3 (t[46] = − 2.7, p = 0.010) than at T1. 
The Group × Target interaction was non-significant (F[4, 
88] = 1.11, p = 0.356). Neither Group (F[2, 44] = 0.78, 
p = 0.471) nor Target (F[1.7, 76.7] = 0.93, p = 0.389) had an 
effect on within-subject variation of AE (AE Var), with the 
interaction of Target × Group also being non-significant 
(F[3.5, 76.7] = 1.4, p = 0.260).
Collectively, this demonstrates a similar level of sys-
tematic and variable absolute errors between groups. This, 
therefore, shows endpoint accuracy in this motor task was 
maintained with advanced age, and was independent of PA.
Since participants were provided with accuracy feedback 
during the motor task, an additional ANOVA was performed 
on the accuracy measures in the early vs. late parts of the 
task (first vs. last 10 trials) to assess whether any motor 
learning occurred. We focus on, and report only, the factors 
of Time (early or late in the task) and Group × Time interac-
tion effects from the 3 × 3 × 2 ANOVAs: (Group) × (Target) 
× (Time). There was a significant effect of Time on LE (F[1, 
47] = 6.0, p = 0.018, 휂2
p
 = 0.11), AE (F[1, 42] = 6.2, p = 0.017, 
Fig. 2  Group average data from dynamic proprioceptive task 
(mean ± standard error bars, effects of Target not shown). a Results 
for bias, where inactive older adults had significantly larger, posi-
tive biases than younger adults (**p < 0.010, multiple comparisons 
subjected to FDR-adjusted α-threshold). Note all groups have posi-
tive biases which represents perception of hand position towards the 
clockwise (Circle) side of the targets. b Results for uncertainty range 
where there were no significant differences observed between any of 
the 3 groups
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휂
2
p
 = 0.13) and AE Var (F[1, 42] = 7.0, p = 0.012, 휂2
p
 = 0.14) 
such that lateral errors, absolute errors and variation in abso-
lute errors were all larger in the early stages of the task. 
However, there were no significant Group × Time interac-
tion effects on any of the motor accuracy measures (all 
p > 0.050). This shows that although there were improve-
ments in performance over the duration of the task, the 
extent of these improvements did not differ between the 3 
groups.
Kinematic performance measures
The data for RT and PV are summarised in Fig. 4a, b, 
respectively, with all kinematic measures for the rapid motor 
task shown in Table 2. There was a significant effect of 
Group on RT (F[2, 47] = 11.5, p < 0.001, 휂2
p
 = 0.33) whereby 
both inactive OAs (t[19.7] = 4.6, p < 0.001; αFDR = 0.033) 
and active OAs (t[18.1] = 3.7, p = 0.002) had longer reaction 
times than YAs. Likewise there was a significant effect of 
Target on RT (F[2, 94] = 15.0, p < 0.001, 휂2
p
 = 0.24) whereby 
participants reacted faster at target T1 compared to both T2 
(t[49] = − 4.1, p < 0.001; αFDR = 0.033) and T3 (t[49] = 
− 4.5, p < 0.001). The interaction effect of Group and Target 
on RT was not significant (F[4, 94] = 2.0, p = 0.102).
Group had a significant effect on PV (F[2, 46] = 18.8, 
p < 0.001, 휂2
p
 = 0.45), where both inactive OAs (t[33] = 
− 5.2, p < 0.001; αFDR = 0.033) and active OAs (t[32] = 
− 4.5, p < 0.001) were significantly slower than YAs. Target 
also had a significant effect on PV (F[2, 92] = 32.8, 
Fig. 3  Group average motor performance accuracy measures 
(mean ± standard error bars) to be used in linear regression models 
with proprioceptive outcomes. a Results for lateral endpoint error 
(LE), where negative error represents an end-position which deviated 
laterally in the counter-clockwise (“Square” from the proprioceptive 
task) direction and vice versa. b Results for the within-subject vari-
ation (standard deviation) of the LE (LE Var). There were no signifi-
cant differences between groups for either measure
Table 1  Group average motor 
performance accuracy measures 
for inactive older adults, active 
older adults, and younger adults
Values are given as means ± standard error, there were no significant group effects observed
LE lateral endpoint error, AE absolute endpoint error, in both cases Var = within-subject standard deviation 
(variation) in either measure
Measure Group Target Overall
1 2 3
LE (cm) Inactive older 0.25 (± 0.13) − 1.24 (± 0.16) − 1.31 (± 0.20) − 0.77 (± 0.12)
Active older 0.48 (± 0.15) − 1.42 (± 0.21) − 0.97 (± 0.30) − 0.64 (± 0.15)
Younger − 0.40 (± 0.22) − 1.47 (± 0.17) − 1.08 (± 0.26) − 0.98 (± 0.15)
LE Var (cm) Inactive older 0.79 (± 0.06) 0.86 (± 0.06) 0.74 (± 0.05) 0.80 (± 0.04)
Active older 0.94 (± 0.09) 0.79 (± 0.07) 0.95 (± 0.08) 0.89 (± 0.07)
Younger 1.03 (± 0.08) 0.91 (± 0.05) 0.99 (± 0.07) 0.98 (± 0.05)
AE (cm) Inactive older 1.57 (± 0.08) 2.12 (± 0.19) 2.03 (± 0.20) 1.91 (± 0.13)
Active older 1.94 (± 0.13) 2.34 (± 0.16) 2.19 (± 0.20) 2.16 (± 0.13)
Younger 2.14 (± 0.11) 2.24 (± 0.14) 2.32 (± 0.18) 2.23 (± 0.12)
AE Var (cm) Inactive older 0.88 (± 0.06) 0.94 (± 0.07) 0.96 (± 0.07) 0.92 (± 0.05)
Active older 1.06 (± 0.08) 0.94 (± 0.07) 1.09 (± 0.15) 1.03 (± 0.09)
Younger 1.08 (± 0.08) 1.00 (± 0.06) 0.99 (± 0.06) 1.02 (± 0.06)
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p < 0.001, 휂2
p
 = 0.55), with pairwise comparisons showing 
each target was significantly different from one another 
(p ≤ .0.001 in all cases; αFDR = 0.050) such that T3 move-
ments were fastest and T1 movements were slowest. The 
interaction effect of Group and Target on PV was also sig-
nificant (F[4, 92] = 3.5, p = 0.011, 휂2
p
 = 0.13) with differences 
across targets most pronounced for the inactive OA group 
(Fig. 4b). However, follow-up pairwise comparisons reflect 
the Group effect, in that both inactive and active OAs were 
significantly slower than YAs at all 3 targets (all p < 0.002; 
αFDR = 0.033).
There was a significant effect of Group on MT (F[2, 
47] = 15.0, p < 0.001, 휂2
p
 = 0.39), such that both inactive OAs 
(t[18.0] = 4.9, p < 0.001; αFDR = 0.033) and active OAs 
(t[17.5] = 4.8, p < 0.001) made longer duration movements 
than YAs. There was also a main effect of Target (F[1.5, 
72.3] = 45.3, p < 0.001, 휂2
p
 = 0.49) where all targets were sig-
nificantly different from one another (all p < 0.001; 
αFDR = 0.050) such that movements were made with the short-
est duration to T3 and longest to T1. The Group by Target 
interaction was also significant for MT (F[3.1, 72.3] = 5.2, 
p = 0.003, 휂2
p
 = 0.18), but as with the peak velocity measure, 
follow-up pairwise comparisons reflected the main effect of 
Group with both inactive (all p < 0.001; αFDR = 0.033) and 
active OAs (all p < 0.001) displaying longer movement dura-
tions than YAs at all targets.
The main effect of Group on TPV was not significant 
(F[2, 47] = 0.77, p = 0.473). However, there was a main 
effect of Target (F[2, 94] = 33.7, p < 0.001, 휂2
p
 = 0.42) 
whereby TPV was significantly different between all 3 
Fig. 4  Group average kinematic data (mean ± standard error bars) 
for reaction time (a) and peak hand velocity (b) in the rapid reach-
ing task. Significant differences from younger adults are indicated by 
**(p < 0.010), ***(p < 0.001) in the upper section, with multiple com-
parisons subjected to FDR-adjusted α-threshold. Asterisks within bars in 
panel b denote significant differences from younger adults at same target
Table 2  Group average kinematic data (means ± standard error) for the rapid reaching task
Significant differences from younger adults are indicated  in bold and by **(p < 0.010) and ***(p < 0.001; multiple comparisons subjected to 
FDR-adjusted α-threshold)
React. Time reaction time, Peak Vel. peak hand velocity, Move. Time movement time, TPV time to peak velocity
Measure Group Target Overall
1 2 3
React. time (s) Inactive older 0.44 (± 0.02) 0.46 (± 0.02) 0.47 (± 0.02) ***0.46 (± 0.02)
Active older 0.42 (± 0.02) 0.46 (± 0.02) 0.46 (± 0.03) **0.45 (± 0.02)
Younger 0.35 (± 0.01) 0.37 (± 0.01) 0.36 (± 0.01) 0.36 (± 0.01)
Peak Vel. (cm/s) Inactive older ***48.1 (± 3.2) ***51.2 (± 3.9) **57.6 (± 3.9) ***52.3 (± 3.6)
Active older ***53.0 (± 3.7) ***56.8 (± 3.5) **58.1 (± 4.1) ***55.9 (± 3.7)
Younger 81.4 (± 4.0) 84.3 (± 4.8) 85.3 (± 4.7) 83.7 (± 4.5)
Move. time (s) Inactive older ***0.77 (± 0.05) ***0.73 (± 0.05) ***0.65 (± 0.04) ***0.72 (± 0.05)
Active older ***0.73 (± 0.05) ***0.68 (± 0.04) ***0.66 (± 0.04) ***0.69 (± 0.04)
Younger 0.49 (± 0.02) 0.46 (± 0.02) 0.45 (± 0.01) 0.47 (± 0.02)
TPV (% move duration) Inactive older 42.5 (± 1.2) 43.6 (± 1.3) 47.4 (± 1.5) 44.5 (± 1.2)
Active older 41.1 (± 1.3) 42.7 (± 1.7) 44.6 (± 1.5) 42.8 (± 1.4)
Younger 42.9 (± 0.5) 44.2 (± 0.6) 46.0 (± 0.6) 44.4 (± 0.5)
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targets (p < 0.002 in all cases; αFDR = 0.050) such that peak 
velocity occurred later in movements to T3 and earlier in 
movements to T1. There was no interaction of Group and 
Target on DPV (F[4, 94] = 1.1, p = 0.382).
Together, the results from these kinematic measures 
shows that there were target-specific common kinematic 
features across all three groups, but overall, the OAs tend to 
react and move more slowly than YAs, regardless of their PA 
level. However, the shape of velocity profiles of movements 
were similar between all groups.
Speed‑accuracy trade‑off
Since there were significant differences in peak hand veloc-
ity between older and younger groups, we wanted to test 
for a potential speed-accuracy trade-off. We, therefore, 
divided both LE and AE values by corresponding PV on a 
trial-by-trial basis to create lateral and absolute error indi-
ces controlled for movement speed  (LEPVCont and  AEPVCont 
respectively), then analysed by 3 × 3 mixed-design ANO-
VAs: (Group) × (Target), as above.
There was no effect of Group on  LEPVCont (F[2, 
46] = 0.19, p = 0.826), but the main effect of Target was sig-
nificant (F[1.6, 73.7] = 58.1, p < 0.001, 휂2
p
 = 0.56; see 
Fig. 5a). Pairwise comparisons showed that velocity con-
trolled lateral errors were significantly different between all 
targets (T1 vs. T2, t[48] = 9.2, p < 0.001; T1 vs. T3, 
t[48] = 6.0, p < 0.001; T2 vs. T3, t[48] = − 2.4, p = 0.018; 
αFDR = 0.050), with smallest errors at T1 and largest at T2. 
The Group × Target interaction  LEPVCont was also significant 
(F[3.2, 73.7] = 4.8, p = 0.004, 휂2
p
 = 0.17). There was a trend 
towards both active (t[33] = 2.6, p = 0.0063, αFDR = 0.0056) 
and inactive (t[33] = 2.6, p = 0.015) OAs having more posi-
tive velocity controlled lateral errors than YAs at T1, but 
these effects did not survive FDR correction (pmin = 0.085 
for other of 3 [Group] × 3 [Target] comparisons).
The Group effect on  AEPVCont was significant (F[2, 
42] = 4.2, p = 0.021, 휂2
p
 = 0.17; Fig. 5b) but follow-up pair-
wise comparisons did not reveal any specific group differ-
ences after FDR correction, despite both active (t[30] = 2.5, 
p = 0.0171; αFDR = 0.0166) and inactive (t[30] = 2.2, 
p = 0.035) OAs showing trends towards having larger veloc-
ity controlled absolute errors than YAs. There was also a 
significant main effect of Target (F[2, 84] = 4.2, p = 0.023, 
휂
2
p
 = 0.09) but follow-up pairwise comparisons were not sig-
nificant following FDR correction (pmin = 0.020; 
αFDR = 0.017). The Group × Target interaction on  AEPVCont 
was not significant (F[4, 84] = 0.73, p = 0.574).
Collectively, this additional analysis of the speed-
accuracy trade-off shows that the maintenance of absolute 
endpoint accuracy in OAs may be partially explained by 
movement slowing. However, the lateral errors appear to 
be similar between age groups even when controlling for 
movement speed, suggesting they may be less susceptible 
to a speed-accuracy trade-off in this context.
Working memory capacity
All groups had similar working memory capacity scores, 
as indicated by a non-significant one-way ANOVA (F[2, 
48] = 0.16, p = 0.854). YAs had the highest score (5.8 ± 1.6 
numbers recalled) followed by active OAs (5.7 ± 1.4) and 
inactive OAs with the lowest score (5.5 ± 1.3). To test if 
working memory was related to proprioceptive perfor-
mance, we correlated the bias and uncertainty range, aver-
aged across all 3 targets, with working memory score. There 
were no significant relationships found (all |r| < 0.38, pmin = 
0.106; αFDR = 0.008), showing proprioceptive performance 
was independent of working memory.
Fig. 5  Group average motor accuracy measures controlled for by 
peak hand velocity (means ± standard error). a Lateral error divided 
by peak hand velocity  (LEPVCont) where more positive values repre-
sent errors to the clockwise (or “Circle” from proprioceptive task) 
side. b Absolute errors divided by peak hand velocity  (AEPVCont). 
Pairwise comparisons which were significant (p < 0.05) but did not 
survive corrections for multiple comparisons are indicated by † 
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Predicting motor performance from proprioceptive 
acuity
To allow visual comparison of the reaching performance 
with the proprioceptive measures, the spatial distribution of 
individuals’ average end-positions and the 95% confidence 
interval ellipses in the motor reaching task are shown in 
Fig. 6 for each target, with the bias and uncertainty range 
from the proprioceptive task shown in bar-format.
We generated 2 regression models for each propriocep-
tive-motor performance pairing, collapsing data across 
all 3 targets, giving 4 models overall. Neither the bias and 
LE (OAs, R2 = 0.002; YAs, R2 = 0.020) nor the uncertainty 
range and LE Var (OAs, R2 = 0.060; YAs, R2 = 0.035; pmin = 
0.090; αFDR = 0.013) models were significant (see Table 3 
for summary). We did observe that uncertainty range was 
a significant, negative predictor of LE Var for OAs only (β 
= − 0.245; p = 0.030), however, this did not survive correc-
tions for multiple comparisons and the overall model still 
accounted for only 6% of the variance in the data. The lack 
of relationship between proprioceptive uncertainty and motor 
error in advanced age contradicts our original prediction, and 
no consistent positive association was seen in any group.
Discussion
This experiment aimed to determine the relationship 
between dynamic proprioceptive acuity and movement 
control in the upper limb with advanced age. Although we 
Fig. 6  Individual participant average end-positions from rapid motor 
task (coloured ‘X’ markers) and 95% confidence ellipses for each of 
the different groups and targets. Group average data from dynamic 
proprioceptive task is scaled and superimposed over targets as col-
oured bars. The central thick coloured line in each bar represents the 
bias and on average shows participants perceived their hand to be 
more towards the clockwise (Circle) side of the target. The length 
of the coloured bar represents the uncertainty range and was similar 
between groups (figure generated for visualisation purposes only)
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found stereotypical features of ageing in motor kinematics, 
we also found that proprioceptive bias, and not uncertainty 
range, was larger for physically inactive OAs, contrasting to 
our predictions. While we did observe a trend towards higher 
uncertainty range predicting lower variability in motor accu-
racy for OAs, the direction of this relationship and its limited 
strength (R2 = 0.06) lead us to conclude a negligible asso-
ciation overall. Ultimately, proprioceptive uncertainty was 
not consistently related to variability in movement accuracy; 
thus, we find no evidence to link dynamic proprioceptive 
acuity and control of rapid, discrete movement in either 
older or younger adults in this experiment.
Our results replicate the findings of Helsen et al. (2016), 
who showed a dissociation of proprioceptive acuity and 
rapid motor performance, but we extend beyond their results 
to show this is true when proprioception is measured via 
an active movement task involving voluntary movement 
control. Helsen et al. (2016) concluded that OAs were able 
to overcome a decline in sensory acuity through increased 
reliance on predictive control mechanisms in a “play-it-safe” 
strategy (Elliott et al. 2010). We also saw evidence that OAs 
tend to emphasise accuracy over speed, exemplified by their 
increased reaction times and reduced peak velocities. These 
speed differences may partially explain the comparable 
endpoint accuracy seen between groups (Fig. 5b); a finding 
which has also been reported elsewhere (Helsen et al. 2016; 
Lee et al. 2007; Seidler-Dobrin and Stelmach 1998). We 
note that the utility of online proprioceptive feedback in fast, 
discrete, movements is likely reduced compared to slower, 
guided movements. However, we also refer to Scott (2016), 
for a review that highlights the role of proprioceptive inputs 
into spinal circuits, contributing even to the fastest move-
ments. We cannot assess this spinal contribution in our tasks, 
and to do so would require detecting reflex responses to brief 
perturbations, inputs that could themselves alter the percep-
tion of the ongoing actions. However we suggest reliance on 
predictive mechanisms may, therefore, already be relatively 
high in our rapid reaching task (Miall and Wolpert 1996; 
Shadmehr et al. 2010; Wolpert et al. 1995). If OAs do tend to 
favour accuracy over speed, as our data suggest and as others 
have argued (Forstmann et al. 2011), it seems unlikely they 
would opt to make movements so rapidly that feedback con-
trol would be minimised. In the future, therefore, it would 
be interesting to examine the relationship between proprio-
ception and motor control in movement tasks that deliber-
ately emphasise sensory guidance. This could include more 
continuous movements such as circular tracking, in which 
OAs increase movement radius and speed to a greater extent 
than YAs, upon removal of visual feedback (Levy-Tzedek 
2017). Alternatively, training in the control of objects in vir-
tual environments, such as the ball balancing task reported 
recently by Elangovan et al. (2017), which increased propri-
oceptive acuity of the wrist. But perhaps a more commonly 
employed paradigm that can probe proprioceptive regulation 
of motor control is adaptation to novel field dynamics, where 
mechanical perturbations to the arm create unexpected tra-
jectory deviations during reaching (Shadmehr and Mussa-
Ivaldi 1994). In ageing, this task has been studied surpris-
ingly scarcely, with mixed findings on the extent to which 
adaptation is impaired in later life (Cesqui et al. 2008; Huang 
and Ahmed 2014; Reuter et al. 2018; Trewartha et al. 2014). 
Considering proprioceptive feedback is necessary to mini-
mise within-trial performance errors in these tasks (Miall 
et al. 2018; Sarlegna et al. 2010; Yousif et al. 2015), it may 
be that proprioceptive acuity could account for some of the 
reported variance in age-related adaptation impairments. 
Moreover, since we report age and physical activity effects 
on proprioceptive bias, it would be interesting to see whether 
older participants recalibrate their proprioceptive sensation 
with forcefield learning in a similar way to YAs (Ostry et al. 
2010), and if this predicts their adaptive performance.
Contrary to our predictions and to prior literature, we 
showed that physical inactivity did not increase proprio-
ceptive uncertainty in OAs. We suggest this novel find-
ing reflects the steps we took to remove confounds when 
measuring proprioception. Namely, we used active instead 
of passive movements (Smith et al. 2009) which minimises 
position matching errors in both older and younger adults 
(Erickson and Karduna 2012; Langan 2014; Lönn et al. 
2000). We also required instantaneous perceptual judge-
ments to minimise age-dependent memory effects (Goble 
et al. 2012), and we avoided comparison between the two 
arms to minimise effects of central degeneration, which may 
compromise interhemispheric transfer of sensorimotor sig-
nals (Hou and Pakkenberg 2012). Instead, we were able to 
measure a significant increase in systematic perceptual error 
for the physically inactive OAs. We do note, however, that 
whilst we have discussed evidence for the added influence 
of voluntary control in proprioceptive assessments (Erickson 
Table 3  Summary of statistics for linear regression models predicting 
motor accuracy from proprioceptive and physical activity (PA) meas-
ures
Upper panel shows lateral error (LE) predicted by bias and PA, lower 
panel shows lateral error variability (LE Var) predicted by uncertainty 
range (UncR) and PA. All models were non-significant (pmin = 0.090; 
αFDR = 0.013), with † indicating significant standardized coefficient 
(p < 0.05) which did not survive corrections for multiple comparisons
Model Group Model measure
R2 Propriocept. 
β-coeff.
PA 
β-Coeff.
LE predicted by bias 
and PA
Older 0.002 − 0.022 0.041
Younger 0.020 − 0.137 0.022
LE Var predicted by 
UncR and PA
Older 0.060 − 0.245† 0.002
Younger 0.035 − 0.152 − 0.103
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and Karduna 2012; Langan 2014; Lönn et al. 2000), we do 
not provide a direct comparison of the dynamic task with 
other, passive, techniques to support this literature. Further 
investigations may, therefore, aim to directly compare these 
measures, to better understand the relationship of active and 
passive proprioceptive sensation across the lifespan.
Proprioceptive biases have been well established for 
reaching and pointing movements (Cressman et al. 2010; van 
Beers et al. 1998; Vindras et al. 1998; Wilson et al. 2010) 
and perception of limb position is frequently biased towards 
the side of the body where the limb is tested. These biases 
have been shown to be dependent on several task-specific 
factors, such as reach distance (van Beers et al. 1998; Wilson 
et al. 2010), limb used (Wilson et al. 2010; Wong et al. 2014) 
and whether visual or haptic reference positions are used 
(Kuling et al. 2016). Less is known about individual differ-
ences which influence the presentation of these errors, or the 
mechanism by which they may occur. Here, we have shown 
that physical inactivity in ageing is a contributing factor. 
Although the cause is as yet unclear, a reduction in physi-
cal activity could lead to everyday limb movements being 
made within a more concentrated volume, ipsilateral to the 
limb (Howard et al. 2009a, b), biasing sensory experience 
to this region. Increased sensory uncertainty upon removal 
of vision (as in the proprioceptive assessment task) may, 
therefore, lead to greater reliance on prior experience dur-
ing the optimal estimation of limb position (Gritsenko et al. 
2007; Körding and Wolpert 2006). We also note that spindle 
afferents are directionally tuned to specific movements (Ber-
genheim et al. 2000; Jones et al. 2001) and loss of intrafusal 
fibres with age has been shown to be muscle specific (Karar-
izou et al. 2005). Therefore, if movements are indeed limited 
to a smaller range in physically inactive adults, a selective 
loss of intrafusal fibres which are directionally tuned to the 
less frequent movements might result. Collectively, these 
effects could lead to the increase in proprioceptive bias we 
observed in the physically inactive OAs. Unfortunately, the 
wrist-worn accelerometers we used do not provide spatial 
information, and this suggestion remains to be tested. An 
alternative could be that the perceptual bias arose from pro-
prioceptive drift (Brown et al. 2003a, b; Desmurget et al. 
2000). However, drift is typically observed during repeti-
tive, unconstrained movements and has been attributed to 
the persistence of motor errors rather than to proprioceptive 
fading (Brown et al. 2003b). In addition, the extent of pro-
prioceptive drift has been associated with movement speed 
(Brown et al. 2003b), and we found no association between 
bias and movement velocity.
We do, however, report a positive correlation of average 
movement speed and uncertainty range in the propriocep-
tive task for the inactive OAs. This observation may further 
reflect a speed-accuracy trade-off where insufficient sensory 
information is accumulated to make reliable perceptual 
judgements as movement speed increases (Bogacz et al. 
2010; Heekeren et al. 2008). In advanced age there is a high 
susceptibility to prefrontal cortex degeneration (Giorgio 
et al. 2010; Salat 2004) which can be mediated by physi-
cal inactivity (Colcombe et al. 2003). Both attention and 
memory depend on these frontal brain regions and have been 
reported to influence the accuracy of limb position match-
ing (Goble et al. 2012). Limited cognitive resources in the 
inactive OAs might, therefore, impair their ability to process 
sensory feedback for perceptual judgements. However, we 
found no relationship between verbal working memory score 
and perceptual acuity for any group, suggesting this is not a 
factor in our inactive elderly group.
In conclusion, we found systematic differences in move-
ment kinematics in OAs compared to YAs, as expected from 
previous reports. We also found an age-dependent increase 
in proprioceptive bias measured in active, multi-joint move-
ment, but not of uncertainty range. This finding is novel and 
may reflect our careful task design which aimed to remove 
methodological confounds for testing with an ageing popu-
lation. However, we did not find any evidence to suggest 
that proprioceptive acuity is related to performance in rapid, 
goal-orientated movement, in either older or younger adults. 
The relationship between proprioceptive acuity and motor 
control remains uncertain, and warrants further investigation 
under movement conditions which emphasise the utility of 
online proprioceptive feedback.
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